Proteins present in the outer membrane of chlamydiae that are involved in mucosal epithelial cell infection must clearly be identified and characterized if we are to understand and modify the pathogenic mechanisms utilized by these organisms. We have identified and isolated a family of four genes encoding putative outer membrane proteins (POMPs), a group of proteins of approximately 90 kDa present in the outer membrane of the subtype of Chlamydia psittaci that causes ovine enzootic abortion (strain S26/3). These proteins, although minor components, are major immunogens, as shown by the immunoblotting of chlamydial outer membrane complexes with postabortion sheep sera, and are therefore potential diagnostic and/or protective antigen candidates. Immunoblotting of the expressed amino-and carboxy-terminal halves of one of the POMPs with postabortion sheep sera showed that the major humoral immune response appeared to be directed solely against the amino-terminal half. This result, in combination with the positive immunofluorescence staining of S26/3-infected cells using POMP-specific (specific to the amino-terminal half of the proteins) monoclonal antibodies, suggests the probable surface localization of the POMPs and, more specifically, the surface exposure of the amino-terminal half of these proteins. The four pomp genes are highly homologous, sharing 82 to 100% similarity with each other (two of the genes are identical). Genes with strong and weak homologies were also detected in C. psittaci avian and feline pneumonitis strains, respectively. No pomp homologs were found in strains of C. trachomatis and C. pneumoniae, but this does not preclude their existence. The absence of homology with various subtypes of C. pecorum, which complicate the diagnosis of the ovine abortion subtype, indicates the possible suitability of the these 90-kDa proteins as serodiagnostic antigens.
The elementary body (EB) outer cell envelope of members of the genus Chlamydia resembles that of gram-negative bacteria in that it contains lipopolysaccharide but is atypical in lacking a peptidoglycan layer (9) . The structural stability of EBs is attributed to extensive intermolecular disulfide bond cross-linking of the 40-kDa major outer membrane protein (MOMP), one or two large (60-kDa), cysteine-rich proteins (EnvB or Omp2), and a small (12-kDa), cysteine-rich lipoprotein (EnvA or Omp3) forming a supramacromolecular lattice (reviewed in reference 25) . While these are the major protein components of the outer membrane, other minor and so far uncharacterized proteins have been identified which may have major functional roles (25, 26) .
Since the EB outer surface has such an important role in the infection process, it is not surprising that its outer membrane has been the focus of much research, particularly with regard to serodiagnosis and vaccine design. Currently, our research is focused on trying to improve serodiagnosis (2) and developing a recombinant vaccine (15) against the subtype of Chlamydia psittaci which causes ovine enzootic abortion (OEA). This infection is the most common infectious cause of abortion in sheep in the United Kingdom (UK) (1) and can also cause abortion in women (13) . We have been particularly interested in protein antigens located in the outer membrane of OEA C. psittaci which may be involved in protective immunity. The only protein consistently shown to be exposed on the surface of the EB is the MOMP (3, 4, 6, 29) . It is the major component of the chlamydial outer membrane complex (COMC), which we have previously shown protects pregnant ewes against experimentally induced OEA (30) .
In addition to the MOMP, the C. psittaci COMC contains a group of minor proteins with sizes of approximately 90 kDa which have been shown to react very strongly in immunoblotting experiments (5, 12, 19, 27) and to be important serodiagnostic antigen candidates (27) . Recently, we have reported the isolation of two recombinant gt11 clones (named 31 and 99) which contain fragments of the genes coding for these 90-kDa proteins, as well as the finding that these proteins belong to a multigene family (18) . This report describes the isolation and characterization of four genes which belong to this family and provides evidence of the location and possible orientation of their protein products in the outer membrane of C. psittaci.
MATERIALS AND METHODS
Chlamydia. OEA C. psittaci S26/3 was grown in L929 cells, and C. pecorum strains were cultured in embryonated chicken eggs (20) . EBs were purified from infected cells or chicken embryo yolk sacs by density gradient centrifugation, and genomic DNA was extracted as described previously (20) . In addition to the C. psittaci OEA strain, genomic DNAs from the following Chlamydia strains were also studied: (i) C. psittaci avian (cockatiel isolate 725; described in reference 20) and feline pneumonitis (FePn; described in reference 21) isolates; (ii) C. pecorum subtypes P787 (causing ovine arthritis), W73 (causing ovine enteritis), PV3056/3 (causing bovine metritis), and JP1751 (ovine normal feces); (iii) C. trachomatis (VW1 serovar D; DNA obtained from J. Treharne, Institute of Ophthalmology, London, UK); and (iv) C. pneumoniae (IOL-207; DNA obtained from J. Treharne).
For immunofluorescence microscopy, McCoy cells were grown on sterile glass coverslips in trac bottles (Bibby Sterilin Ltd., Stone, UK) and infected with OEA C. psittaci (inoculum titer of 5 ϫ 10 8 inclusion-forming units/ml) as previously described (20) .
Hybridization screening. A partially MboI-digested S26/3 genomic DNA library constructed in lambda replacement vector EMBL-3 (Stratagene Ltd., Cambridge, UK) from S26/3 DNA (14) was screened by standard techniques using digoxigenin (DIG)-labelled p90f31 (216-bp fragment) and p91Bf99 (450-bp EcoRI fragment) probes (clone 31 and 99 DNA inserts, respectively; described in reference 18). Recombinant phage were plated by using the restrictive host strain Escherichia coli Q359. Recombinant lambda DNA was isolated from hybridization-positive clones by plate lysates using the permissive strain E. coli LE392 and purified from lambda phage particles by polyethylene glycol 6000 precipitation in accordance with standard procedures.
Sequencing and gene analysis. The recombinant lambda DNA clones were Southern blotted by using p90f31 and p91Bf99 DIG-labelled probes, and probepositive restriction enzyme fragments were cloned into pBluescript (Stratagene) as described previously (18) . PCR amplification of recombinant lambda DNA was performed by using the Expand Long Template PCR System (Boehringer Mannheim, Lewes, UK) and primers which flanked the cloning site of EMBL-3 (5Ј-GCGCAACTCGTGAAAGGTAGGCGGA-3Ј and 5Ј-TGAACACTCGTC CGAGAATAACGAGTGGAT-3Ј) and those based on sequence information obtained from the cloned restriction enzyme fragments. PCR products were subcloned into vector pGEM-T (Promega, Southampton, UK) as previously described (18) . Recombinant plasmid DNA was purified by using a QIAprep Spin Plasmid Miniprep Kit (QIAGEN Ltd., Crawley, UK) for manual sequencing by the dideoxy-chain termination method using the Sequenase Version 2.0 DNA Sequencing Kit (Amersham International plc, Little Chalfont, UK) and using a QIAGEN Plasmid Kit (QIAGEN Ltd.) for automated Taq FS cycle sequencing (at The Advanced Biotechnology Centre, The Charing Cross and Westminster Medical School, London, UK). All internal primers were synthesized by Oswel DNA Service (Medical and Biological Sciences Building, University of Southampton, Southampton, UK). Recombinant plasmid DNA was sequenced manually at least once in each direction. All sequencing problems, primarily due to secondary structure, were resolved by automated cycle sequencing.
DNA and deduced amino acid sequences were analyzed by using the Wisconsin GCG software package on Seqnet (Daresbury Laboratory) and DNASTAR software (DNASTAR Inc.). The protein sequences were also analyzed by using the program PSORT (on the World Wide Web at URL http://psort.nibb.ac.jp) (23) , which predicts the presence of signal sequences by the methods of McGeoch (22) and von Heijne (31) and detects potential transmembrane domains by the method of Klein et al. (17) . DNA and amino acid sequences were compared with those in the GenBank/EMBL and SwissProt databases by using the GCG FASTA program and the Genome Sequence Database (GSDB) (on the World Wide Web at URL http://www.tigr.org) (8, 10) .
PCR analysis. C. psittaci S26/3 genomic DNA fragments containing the four pomp genes were amplified by PCR by using the Expand Long Template PCR System and mutually exclusive pomp flanking region primers: primer pairs S5766 (5Ј-GTAAGCAAGAACGCCGCAAACG-3Ј) plus P0787 (5Ј-CTAGTGGAGC CGTTGAATTCAGTTGC-3Ј) and S5765 (5Ј-TGAGCCAAATCCTTCTACAG CAAT-3Ј) plus S2429 (5Ј-AGTCTTAGCGTCACAGGCCGAG-3Ј) for regions A and B, respectively (see Fig. 2 ). PCR products were analyzed by restriction endonuclease digestion (EcoRI, PstI, and XbaI; single and double digests).
Immunoblotting. C. psittaci S26/3 EBs were purified from infected L929 cells by density gradient centrifugation as described previously (20) . COMCs prepared from EBs as the Sarkosyl-dithiothreitol (DTT)-insoluble fraction (30) were solubilized in n-octyl-␣-D-glucopyranoside-DTT (19) and subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) on 7.5% gels after boiling in sample buffer containing 2% SDS and 5% 2-mercaptoethanol. Protein was transferred to a nitrocellulose membrane and incubated with P90F31 and P91BF99 (protein products of gene fragments p90f31 and p91Bf99, respectively) affinity-purified antibodies or a pool of postabortion sera from 10 ewes experimentally infected with OEA C. psittaci, and antibody binding was detected as described previously (18) .
Expression analysis. The PCR-generated 5Ј and 3Ј halves of pomp90A were cloned in frame into expression vector pET-22b(ϩ) (Novagen, R&D Systems Europe Ltd., Abingdon, UK) via engineered NdeI/HindIII and NdeI/EcoRI restriction enzyme sites, respectively, in the primers by using procedures described previously (18) . The 1.16-kb 5Ј and 1.26-kb 3Ј fragments were generated by using primer pairs P0786 (5Ј-CCAAAGCATGAACATATGAAACATCCAGTC-3Ј) plus V8704 (5Ј-AAGAAAGCTTCTGTAATGTGGTCCCTAG-3Ј) and T3252 (5Ј-AACGCTGTCCATATGGTCGATGCTGATGGC-3Ј) plus V8703 (5Ј-GA GGTGGATGAGAATTCAACTGGATCTTCG-3Ј), respectively. Initial cloning was performed in recA mutant strain JM109, which lacks the gene for T7 RNA polymerase, to allow examination of the construct sequences. The pET constructs were subsequently transformed into expression host BL21(DE3), which contains the T7 RNA polymerase gene, and induced at 37°C for 3 h with isopropyl-␤-D-thiogalactopyranoside (IPTG) at a final concentration of 1 mM. Expressed products were purified from inclusion bodies by a differential centrifugation procedure as detailed in Novagen's pET System Manual (24) and analyzed by Western blotting as described in the paragraph on immunoblotting but also by using 12 anti-90-kDa protein monoclonal antibodies raised against whole EBs from C. psittaci abortion strains (three monoclonal antibodies) and a parakeet strain (nine monoclonal antibodies). All of these monoclonal antibodies were obtained from E. Vretou, Institut Pasteur Hellenique, Athens, Greece (the original source of the avian monoclonal antibodies was W. Schuy, Behringwerke, Marburg, Germany), and have been described previously (32) . In particular, the avian strain monoclonal antibodies are known to cross-react with the ovine abortion strain 90-kDa antigen triplet. A summary of the various antibodies used in this study is shown in Table 1 .
Immunizations. Two 500-g doses of the purified carboxyl half of POMP90A in adjuvant Montanide ISA 773 (SEPPIC, Paris, France) were administered subcutaneously 2 weeks apart to four hoggs (1-to 2-year-old sheep). All animals were bled prevaccination and 3 weeks after the second vaccination. Sera were analyzed by Western blotting of whole EB preparations as described previously (18) .
Immunofluorescence. OEA strain-infected McCoy cells, grown on coverslips for various times (18 to 72 h) postinfection, were briefly washed in phosphatebuffered saline (PBS) and fixed with acetone for 10 min. After air drying for 15 min, coverslips were stored at Ϫ70°C. Upon removal from the freezer, coverslips were washed in PBS and incubated with 2% bovine serum albumin in PBS for 30 min and then incubated for 1 h at 37°C in primary antibody diluted in 2% bovine serum albumin-PBS. Coverslips were washed three times for 5 min each time with PBS and then incubated for 1 h at 37°C in fluorescein-conjugated sheep anti-mouse secondary antibody (Scottish Antibody Production Unit, Law Hospital, Carluke, Scotland, United Kingdom) diluted 1/80 in PBS. After a further three washes, coverslips were inverted onto a drop of Citifluor (glycerol-PBS mixture) (Citifluor, Canterbury, UK) and examined under an Olympus BX50 microscope using a 40ϫ objective.
Southern blot analysis. Genomic DNA (500-ng aliquots) prepared from C. psittaci cockatiel and FePn isolates, as well as C. trachomatis (VW1 serovar D), C. pneumoniae (IOL-207), and various C. pecorum (P787, W73, PV3056/3, and JP1751) subtypes were Southern blotted by using DIG-labelled p91Bf99 (450-bp EcoRI fragment) and pomp90A (1.1-kb EcoRI/XbaI and 1.6-kb XbaI fragments) probes (probe concentration of 25 ng/ml) as previously described (18) . The hybridization buffer consisted of 25% deionized formamide, 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.02% SDS, and 2% blocking reagent (Boehringer Mannheim). Hybridization was performed at 37°C for 17 h. The most stringent wash was in 2ϫ SSC-0.1% SDS at 37°C. Detection of probe binding was with the chemiluminescent substrate CSPD (Boehringer Mannheim).
Nucleotide sequence accession numbers. The DNA sequences reported here were submitted to the GenBank/EMBL databases and assigned accession no. U65942 and U65943.
RESULTS
Cloning and sequence analysis of the genes for the 90-kDa proteins. Five positive clones were isolated from the EMBL-3 library, and restriction endonuclease-digested recombinant lambda DNA was analyzed by Southern blotting by using p90f31 (data not shown) and p91Bf99 (Fig. 1) probes. All of the fragments previously observed by Southern blotting of digests of S26/3 genomic DNA with these probes (18) were identified. Initially, the 0.45-, 3.7-, 4.0-, and 5.3-kb EcoRI fragments were subcloned and sequenced. Further sequence analysis was performed on PCR-derived DNA fragments, although ultimately all of the sequence information presented here was obtained from EMBL-3 clone-derived restriction enzyme fragments. The combination of information obtained from the Southern blotting, mapping, and sequencing of these EMBL-3 clones enabled the maps shown in Fig. 2 to be constructed. The maps were verified further by the restriction enzyme analysis of PCR-generated 6.5-and 5.6-kb DNA fragments of the two OEA strain genomic DNA regions (A and B in Fig. 2 ) containing the pomp91A and pomp90A and the pomp91B and pomp90B genes, respectively (results not shown).
Sequence analysis identified four possible open reading frames (ORFs) designated as follows: pomp for putative outer membrane protein, 90 or 91 for the predicted molecular mass (in kilodaltons) of the translated product, and A or B to distinguish the two different locations of these genes in the chlamydial genome (Fig. 2) . Genes pomp90A and pomp90B are identical, each having an ORF of 2,520 bp encoding a protein (POMP90A and POMP90B, respectively) with a predicted molecular mass of 89,836 Da and pI 5.27. Gene pomp91A has an ORF of 2,544 bp encoding a protein (POMP91A) with a predicted mass of 90,707 Da and pI 5.45, and pomp91B has an ORF of 2,541 bp encoding a protein (POMP91B) with a predicted mass of 90,847 Da and pI 6.08. These predicted molecular masses and pI values correlate well with those determined by two-dimensional electrophoretic analysis (33) . Overall, the pomp91A and pomp91B sequences are 85% similar and both are 82% similar to that of pomp90A or pomp90B. Consensus promoter sequences, ribosomal binding sites, and transcription termination sequences could be identified for each gene (see GenBank database entries U65942 and U65943). In addition, polyguanine tracts, consisting of 13 to 15 dGTP groups, could be found located centrally in each of the four genes (Fig. 3) . Analysis of the sequences also confirmed our previous suggestion that p90f31 and p91Bf99 were derived from different genes (18) , with p90f31 originating from either pomp90A or pomp90B and p91Bf99 originating from pomp91B (Fig. 2) . Searches in the GenBank/EMBL, GSDB, SwissProt databases failed to find any related DNA or protein sequences. Figure 4 shows a multiple sequence alignment of the four proteins and highlights the similarity of the sequences. POMP91A and POMP91B were found to be 89% similar to each other and 86% and 87% similar, respectively, to POMP90A and POMP90B. Analysis of the N-terminal protein sequences by the PSORT protein localization prediction program showed that all of the POMPs have predicted signal sequences and, with the exception of POMP91A, signal peptidase I cleavage sites (Fig. 4) . Furthermore, no hydrophobic transmembrane regions were identified and the overall prediction, again with the exception of POMP91A, was that the proteins are located in the outer membrane. This correlated with secondary-structure analyses (11) predicting that they consist almost entirely of ␤-sheet, a normal conformation for bacterial outer membrane proteins where the membrane-spanning regions are formed by the ␤ strands. In addition, the last FIG. 1. Southern blot analysis of ovine abortion strain S26/3 EMBL-3 clone DNA. Aliquots (50 ng) of recombinant lambda DNA prepared from clones S432 (lanes 1 and 2), S112 (lanes 3 to 5), and S21 (lanes 6 to 8) were digested with EcoRI (lanes 1, 3, and 6), PstI (lanes 2, 4, and 7), and XbaI (lanes 5 and 8) and Southern blotted by using a DIG-labelled p91Bf99 probe as described in Materials and Methods. DNA size markers are indicated on the left. (32) . Either mouse monoclonal antibodies or antibodies affinity purified by using pooled postabortion sera from ewes experimentally infected with OEA C. psittaci were used. The antigen source for antibody production or purification was either formalin-inactivated whole EBs or SDS-PAGE-denatured antigen.
residue of all four proteins is phenylalanine, a feature found in the majority of bacterial outer membrane proteins (28) .
Immunoblotting analysis of COMCs. When COMCs were immunoblotted by using a pool of postabortion sera from experimentally infected ewes, the major reaction was with the MOMP, which comprises about 90% of the protein detected by Coomassie blue staining and typically occurs in these preparations as a double band of about 38 and 36 kDa. However, a triplet of bands with molecular masses in the region of 90 to 95 kDa was also clearly recognized, together with proteins of 70 and 66 kDa (Fig. 5B, lane 1) . Two smaller bands have also been observed, in addition to the 90-kDa protein triplet, in whole-EB preparations (18) , although these bands were larger than those reported here in COMCs. The reduction in size of these smaller proteins possibly resulted from proteolytic cleavage occurring during the preparation of the COMCs, an effect which could also account for the double MOMP band.
Coomassie staining indicated that the proteins were present in low amounts in COMCs (Fig. 5A ) and thus appear to be highly immunogenic and immunodominant: they were recognized by a large proportion of the postabortion sera obtained from individual ewes (for example, Fig. 5B, lanes 3 and 4) . The bands were also recognized by the P90F31 and P91BF99 affinity-purified antibodies (Fig. 5B, lanes 5 and 6) , confirming that these proteins are the products of the genes from which p90f31 and p91Bf99 originated.
Expression of the amino-and carboxy-terminal halves of POMP90A. Immunoblotting of the expressed and purified products of both the 5Ј and 3Ј fragments of pomp90A showed that all 12 abortion and avian strain monoclonal antibodies and the pool of postabortion sera only detected the amino-terminal half ( Fig. 6A and B) . There was no reaction with the carboxyterminal half, even when further postabortion sera were tested. In contrast, sera from sheep that were vaccinated with the purified carboxy-terminal product showed clear recognition of the 90-kDa protein triplet in immunoblotting of a whole-EB preparation (Fig. 6C) .
As controls, the P90F31 and P91BF99 affinity-purified antibodies only recognized the amino-terminal product (data not shown), and a pool of negative control sera from a flock free of chlamydial infection (Fig. 6A, lanes 2 and 4) and anti-MOMP monoclonal antibody 4/11 (19) Fig. 6B, lane 7) and three abortion strain (including 181 in Fig. 6B , lane 5) monoclonal antibodies must recognize the regions outside the P90F31 and equivalent P91BF99 regions of the amino-terminal half of POMP90A. Although the size of the carboxy-terminal product, estimated by SDS-PAGE analysis, correlates well with its theoretical molecular mass of 48 kDa, the aminoterminal product ran anomalously, giving an estimated mass of 49 kDa, which is larger than its theoretical size of 41 kDa.
Immunofluorescence. Immunofluorescence microscopy of S26/3-infected McCoy cells at different times throughout the chlamydial growth cycle (every 6 h from 18 to 54 h plus 72 h postinfection) revealed weak immunofluorescent staining of very small inclusions at 18 h postinfection when anti-MOMP monoclonal antibody 4/11 was used. This staining increased in intensity by 24 h, when inclusions were clearly recognizable within the cytoplasm of the McCoy cells, and by 30 h, inclusions were highly fluorescent. The inclusions remained highly fluorescent at all subsequent times up to 72 h postinfection. In contrast, with anti-POMP monoclonal antibodies 181 and 0040 (Table 1) , weak immunofluorescent staining was not observed until 30 to 36 h postinfection and it was not until 42 h that inclusions were highly fluorescent. This staining intensity was maintained at all subsequent times up to 72 h postinfection. Figure 7 shows the immunofluorescent staining of inclusions at 48 h postinfection with both anti-POMP (A and B) and anti-MOMP (C) monoclonal antibodies (approximately one cell in three was infected). Nonspecific staining was not observed with any of these antibodies on uninoculated McCoy cells, and no staining was observed on infected cells with a nonspecific monoclonal antibody (Fig. 7D) .
Homologous genes in other chlamydial species. Analysis of genomic DNAs from C. trachomatis (VW1 serovar D), C. pneumoniae (IOL-207), and four subtypes of C. pecorum (P787, W73, PV3056/3, and JP1751) by Southern blotting with p91Bf99 and pomp90A probes under low-stringency hybridization and washing conditions failed to reveal any related sequences (Fig. 8, lane 4 for P787) . With the FePn strain of C. psittaci, EcoRI fragments of 4.4 and ϳ20 kb hybridized weakly under low-stringency conditions with the pomp90A (Fig. 8, lane  3) , but not the p91Bf99 (data not shown), probe. However, with the avian strain of C. psittaci, EcoRI fragments of 2.5, 6.2, and ϳ14 kb showed strong homology with both the pomp90A (Fig.  8, lane 2) and p91Bf99 (data not shown) probes, even under high-stringency conditions. No extra bands were identified by exposing blots to X-ray film for longer periods.
DISCUSSION
The chlamydial outer membrane surface must play an important role in mucosal epithelial cell infection, being involved in the attachment of EBs to the host cell membrane, their subsequent uptake, and possibly the prevention of lysosome fusion with the inclusion membrane. The abundance and immunogenicity of the MOMP have caused most research to be focused on this protein. However, antibodies against other chlamydial proteins are produced during the course of a natural or experimental infection, particularly a group of three proteins with molecular masses of about 90 kDa (12, 18, 27) . Additionally, a monoclonal antibody specifically recognizing an 89-kDa protein present in COMCs partially reduced infectivity in vitro (5). This 89-kDa protein band was reported later to consist of a triplet of proteins of 80, 85, and 90 kDa (27) , which are the same as the 90-kDa protein triplet described in the present study from comparison of reactivities of antigen- 1 and 2; B, lanes 1, 3,  5 , and 7) and carboxyl (A, lanes 3 and 4; B, lanes 2, 4, 6, and 8) fragments of POMP90A (0.3-and 0.2-g aliquots in A and B, respectively) were subjected to SDS-PAGE on 10% gels under reducing conditions and immunoblotted with the pool of postabortion sera (A, lanes 1 and 3) ; the pool of negative control sera (A, lanes 2 and 4) ; and anti-90-kDa monoclonal antibodies (B) 89-76/049 (lanes 1 and 2), 89-84/019 (lanes 3 and 4), 181 (lanes 5 and 6), and 89-73/053 (lanes 7 and 8). (C) Whole-EB preparations were subjected to SDS-PAGE on 7.5% gels under reducing conditions and immunoblotted with sera from ewes immunized with the carboxy-terminal half of POMP90A. Sera from ewes 2631 (lanes 1 and 2) and 2637 (lanes 3 and 4) collected preimmunization (lanes 1 and 3) and postimmunization (lanes 2 and 4) were used. Molecular masses are indicated. specific monoclonal antibodies, affinity-purified antibodies, and a series of anti-90-kDa chlamydial parakeet strain monoclonal antibodies (32) . These 90-kDa proteins are minor but highly immunogenic components of the COMC (Fig. 5) that we have previously shown to protect sheep from experimental chlamydial infection (30) . They have also been suggested to be important for the diagnosis of OEA strain infection (27) . For these reasons, it was considered extremely important to characterize these proteins at the molecular level since they may play an important role in both the serodiagnosis of, and protection from, OEA C. psittaci.
Previously, we have isolated two gt11 clones, containing p90f31 and p91Bf99, which were shown to be part of a gene or genes coding for a group of three 90-kDa proteins (18) . These bands could have resulted from separate related genes or from the posttranslational modification of one or more genes. Southern blot analysis of genomic DNA suggested several genes (18), a finding that was confirmed in this study, in which four genes have been identified and isolated. The genes were located as two pairs in different regions of the chlamydial genome (Fig. 2) . Since the OEA C. psittaci genome has not been mapped, the genomic distance separating these two regions has not been determined, although it could be estimated by pulsed-field gel electrophoresis. The 3,202 bp of complete identity that exists between the two regions ( Fig. 2) encompasses the pomp90A and pomp90B genes, as well as the 42 bp downstream and 640 bp upstream (includes the 130-bp intergenic region) DNA sequences (Fig. 2) . This may indicate the point at which divergence in the sequence has occurred during evolution, resulting in the duplication of the genes. This duplication was shown to be genuine and not due to cloning artifacts caused by rearrangements occurring during the construction of the EMBL-3 library, by comparison of Southern hybridization restriction enzyme banding patterns of the lambda clones ( Fig. 1) with those of genomic DNA (18) , as well as by restriction endonuclease analysis of PCR-generated genomic DNA fragments containing the pomp gene sequences.
Sequence analysis predicts that the protein products of these pomp genes are located in the outer membrane. But of more importance are the immunofluorescence results obtained by using POMP-specific monoclonal antibodies (Fig. 7) and the immunoblotting results obtained with the Sarkosyl-DTT-insoluble COMC fraction (Fig. 5) , since they provide experimental evidence of the localization of the 90-kDa proteins in the outer membrane. These results also imply a direct correlation between the surface accessibility of the proteins and in vivo immune recognition. Further evidence supporting the outer membrane location of these proteins came recently from Everett and Hatch, who investigated the probable cellular location of the cysteine-rich proteins (7) . They clearly demonstrated the presence of the characteristic triplet of 90-kDa proteins in COMCs of C. psittaci 6BC (Fig. 1 in reference 7) , as well as the surface labelling, albeit weak labelling, of these proteins using the hydrophobic affinity probe 3-(trifluoromethyl)-3-(m-[ 125 I]iodophenyl)-diazirine (Fig. 4 in reference 7) , although they did not discuss or refer to these results in their report.
Since the number of chlamydiae increases dramatically during infection, the inability to detect fluorescent staining at times earlier than 30 to 36 h postinfection with the anti-POMP monoclonal antibodies may be a consequence of the proteins being minor components of COMCs (i.e., due to detection levels). An alternative explanation could be that the proteins are products of late genes. Although the latter part of the cycle is asynchronous, with cells containing both dividing reticulate bodies and mature EBs, at 48 h chlamydiae are predominantly in the form of EBs, as judged by transmission electron microscopy. This implies that the fluorescence observed at this time ( Fig. 7A and B) , and at subsequent times postinfection, is due to staining of EBs and, possibly, reticulate bodies just prior to their reorganization into EBs. This requires further extensive investigation by electron microscopy at times early and late in the chlamydial cycle.
The cysteine content of the proteins ranges from 1.6 to 2% (POMP90A/B, POMP91A, and POMP91B contain 13, 15, and 17 cysteine residues, respectively), which is similar to the 1.9% of the MOMP and may indicate that the proteins are also involved in the disulfide-bonded cross-linking which is responsible for the structural rigidity of EBs, as was also suggested by Vretou et al. (33) . Furthermore, the immunoblotting results obtained with the amino-and carboxy-terminal halves of POMP90A (Fig. 6) , which show that the major immunological response was to the amino-terminal half of the protein, could indicate that the proteins form two domains with the carboxyterminal domain inserted in the outer membrane and the amino-terminal domain exposed on the surface. Indeed, the short polyglycine region located centrally in each protein, coded for by the polyguanine tract (Fig. 3) , may reflect a flexible linking region between two such protein domains. The lack of immune recognition of the carboxy-terminal fragment was investigated further by attempting to raise antibodies to the recombinant protein in sheep. Identification of the 90-kDa protein triplet by immunoblot analysis with sera from these immunized animals shows that the carboxyl-terminal fragment is, indeed, immunogenic, and so the lack of recognition with postabortion sheep sera is possibly due to the internal localization of this part of the protein. A further explanation could be that part of the carboxy-terminal end of the protein is surface exposed but inaccessible to antibody. The surface exposure of the aminoterminal fragment, suggested by immunofluorescence microscopy studies using monoclonal antibodies which recognize this part of the protein (Fig. 7) , and the possible internal localization of the carboxy-terminal fragment require further investigation by immunoelectron microscopy using the anti-90-kDa monoclonal antibodies and monospecific antisera prepared against the carboxy-terminal protein fragment, respectively.
Since this group of proteins may play an important role in protective immunity against and/or the serodiagnosis of chlamydial infection, we searched for homologous genes in other chlamydial species (isolates of C. pecorum, C. trachomatis, and C. pneumoniae) but failed to detect any related gene sequences (Fig. 8) . However, this does not necessarily imply that such genes are absent but that the homologies are too low for identification. The possible absence, or low homologies, of these genes in the C. pecorum subtypes should make the 90-kDa proteins suitable as serodiagnostic antigens, enabling ewes infected with the OEA agent to be identified without the problem of false-positive values due to widespread C. pecorum infection. The antigens are currently undergoing assessment for serodiagnostic potential, the preliminary results of which look promising (16) . The role of the proteins in protection remains an open question, although they are highly immunogenic components of the subcellular vaccine that we have demonstrated to be protective (30) . This is the first report describing the isolation from Chlamydia species of duplicated genes coding for a cluster of immunogenic envelope proteins which may participate in key steps of the infection process. As research on these proteins is in its infancy and there are no homologous genes or proteins in the various databases, no function can be assigned. This is compounded by the constraints we have on the growth and genetic manipulation of the organism, which is perhaps the reason that the functions of other chlamydial proteins, includ-ing the MOMP and Omp2, have yet to be definitively demonstrated. Regardless of this, the proteins are important serodiagnostic and vaccine antigen candidates that we believe will eventually have a broad impact on most chlamydial species.
